The development of interventions to prevent congenital Zika syndrome (CZS) has been limited by the lack of an established nonhuman primate model. Here we show that infection of female rhesus monkeys early in pregnancy with Zika virus (ZIKV) recapitulates many features of CZS in humans. We infected 9 pregnant monkeys with ZIKV, 6 early in pregnancy (weeks 6-7 of gestation) and 3 later in pregnancy (weeks 12-14 of gestation), and compared findings with uninfected controls. 100% (6 of 6) of monkeys infected early in pregnancy exhibited prolonged maternal viremia and fetal neuropathology, including fetal loss, smaller brain size, and histopathologic brain lesions, including microcalcifications, hemorrhage, necrosis, vasculitis, gliosis, and apoptosis of neuroprogenitor cells. High-resolution MRI demonstrated concordant lesions indicative of deep gray matter injury. We also observed spinal, ocular, and neuromuscular pathology. Our data show that vascular compromise and neuroprogenitor cell dysfunction are hallmarks of CZS pathogenesis, suggesting novel strategies to prevent and to treat this disease.
INTRODUCTION
Zika virus (ZIKV) is a flavivirus that has been associated with fetal microcephaly and multiple congenital abnormalities (Brasil et al., 2016; Honein et al., 2017; Johansson et al., 2016) . The challenges associated with studying congenital Zika syndrome (CZS) in humans and the lack of an established model for CZS in nonhuman primates, however, have limited our understanding of the pathogenesis of this disease. Moreover, the lack of a nonhuman primate CZS model has slowed the development of vaccines and other interventions to prevent this condition.
Studies of CZS pathology in humans have been limited to autopsy studies from the most severe fatal cases (Chimelli et al., 2017; Martines et al., 2016; Sousa et al., 2017) . Autopsy findings from fatal cases of infants with CZS have demonstrated altered migration of neuroprogenitor cells, neuronal apoptosis, and necrosis of periventricular gray matter leading to ventriculomegaly ex vacuo, abnormal cortical development, and gross structural deformities. Typical radiologic and histopathologic lesions include subcortical dystrophic calcifications associated with neuronal cell death (Aragao et al., 2017; Guillemette-Artur et al., 2016) . ZIKV-associated lesions are also observed in highly vascularized deep gray matter structures such as the basal ganglia and thalamus (Chimelli et al., 2017; Shao et al., 2016) . In vitro models using organoids and tissue explants have confirmed the neuropathologic effects of ZIKV in brain tissue (Bayer et al., 2016; Gabriel et al., 2017) . Studies using cell lines and immunocompromised mice have also shown that ZIKV targets neuroprogenitor cells, placental trophoblasts, and endothelial cells (Adibi et al., 2016; Miner et al., 2016; Nowakowski et al., 2016; Sapparapu et al., 2016; Vermillion et al., 2017) .
Microcephaly is a severe manifestation of CZS affecting approximately 2%-4% of ZIKV-infected pregnant women in Brazil and in the United States (Brasil et al., 2016; Honein et al., 2017) . More common manifestations of CZS include cerebral microcalcifications, hemorrhage, congenital abnormalities, ocular pathology, and spinal cord and peripheral nerve lesions, which contribute to neuromuscular dysfunction and arthrogryposis . Surviving infants may develop seizure disorders, developmental abnormalities, and postnatal microcephaly (Adebanjo et al., 2017; Mejdoubi et al., 2017) . Perinatal MRI of ZIKV-exposed infants reveals basal ganglia and cortico-white matter junction calcifications, ventriculomegaly, gyral simplification, and lissencephaly (Aragao et al., 2017; Moore et al., 2017) . CZS pathology has been modeled in immunosuppressed mice (Miner et al., 2016; Sapparapu et al., 2016) , but studies to date in ZIKV-infected pregnant female nonhuman primates have not shown consistent or severe fetal neuropathology (Adams Waldorf et al., 2016; Hirsch et al., 2018; Mohr et al., 2018; Nguyen et al., 2017; Waldorf et al., 2018) .
In this study, we show that infection of female rhesus monkeys early in pregnancy with a Brazilian strain of ZIKV recapitulates many lesions that are characteristic of CZS, including consistent neuropathology in the fetal brain and spinal cord. Neuropathology was associated with neuroprogenitor cell apoptosis and vascular compromise. These data provide new insights into CZS pathogenesis and should accelerate the development of vaccines and other interventions for this disease.
RESULTS

ZIKV Infection of Pregnant Female Rhesus Monkeys
Leads to Prolonged Viremia ZIKV infection of first-trimester pregnant women has been associated with severe CZS (Brasil et al., 2016; Johansson et al., 2016) . To assess whether infection of pregnant female rhesus monkeys would lead to similar fetal neuropathology, we infected 6 female monkeys early in pregnancy (weeks 6-7 of gestation) and 3 later in pregnancy (weeks 12-14 of gestation) with 10 3 plaque-forming units (PFUs) ZIKV from the recent Brazil epidemic (ZIKV-BR) ( Figure 1A ) (Cugola et al., 2016; Larocca et al., 2016) . One dam infected early in pregnancy (556 Dm) experienced early fetal loss, whereas the other 8 fetuses survived to term. At delivery, 66% (6 of 9) of dams (556 Dm, 549 Dm, GBW1 Dm, 488 Dm, A10E011 Dm, AZ77 Dm) exhibited significant placental pathology, including chorioamnionitis and deciduitis (Table 1; Figure S1 ), which was associated with secondary damage to placental villi (Figures 1B and 1C) , consistent with prior studies (Hirsch et al., 2018; Mohr et al., 2018; Nguyen et al., 2017) . Dam 556 also had a prominent villitis, and virus was detected by in situ hybridization in placental villi on day 21 (Figures 1D-1F) .
Non-pregnant rhesus monkeys infected with ZIKV typically clear viremia in 7-10 days Aid et al., 2017; Dowd et al., 2016) , coincident with the development of ZIKVspecific neutralizing antibodies (Aid et al., 2017) . We previously showed that ZIKV persists for longer periods of time in the CNS, lymph nodes, and other immune privileged sites in infected rhesus monkeys (Aid et al., 2017) . Pregnant dams infected early in pregnancy exhibited prolonged ZIKV viremia (28-70 days) compared with dams infected later in pregnancy (14-42 days) ( Figure 1G ). Pregnant dams also demonstrated virus in cerebrospinal fluid (CSF) ( Figure 1H ) and lymph nodes (LN) ( Figure 1I ). ZIKV viremia was substantially longer in pregnant dams compared to non-pregnant monkeys (7-10 days; p = 0.0005) ( Figure 1J ). Moreover, pregnant dams developed remarkably robust ZIKV-specific neutralizing antibody responses at 8 weeks post-infection, as measured by microneutralization (MN50) assays Larocca et al., 2016) . MN50 titers in the infected pregnant females were substantially higher than in infected non-pregnant females infected with the same challenge stock at week 8 ( Figure 1K , p < 0.0001). Following delivery, 100% (9 of 9) of dams also exhibited persistent virus in spleen and lymph nodes, as well as sporadic virus in placenta and other tissues ( Figure 1L ).
Radiographic and Neuropathologic Lesions in ZIKV-Infected Infant Monkeys
To evaluate fetal growth kinetics, we performed longitudinal fetal ultrasounds on the 6 rhesus monkeys infected with ZIKV early in pregnancy (%7 weeks) and a concurrent control group of 28 uninfected pregnant rhesus monkeys from the same breeding colony. ZIKV-infected fetuses demonstrated a 7.2% reduction in the average occipitofrontal diameter at term (p < 0.0001), an 8.3% reduction in head circumference at term (p < 0.0001), and modestly reduced biparietal diameter (p = 0.0004) as compared with uninfected controls but exhibited comparable femur length (p = NS) (Figures 2A-2D ). Biometric differences were evident by 3-4 weeks following ZIKV infection. These data suggest that ZIKV infection led to reduced brain size, rather than overall growth restriction, although we did not observe gross microcephaly.
We performed caesarean sections to deliver the 8 ZIKVinfected infants that survived to term. Infant and maternal tissues were assessed for radiographic, pathologic, and virologic evidence of ZIKV infection. High-resolution, post-mortem MRI was performed on formalin fixed brain from the 5 infants infected earliest in pregnancy that survived to term (A10E001, 488, 549, A10E011, GBW1) and 1 infant infected at pregnancy week 12 (AY21). 66% (4 of 6) of the imaged brains showed hyperintense foci in white matter ( Figure 2E ; Table 1 ) and deep gray matter nuclei ( Figures 2H and 2K ), which was interpreted as gliosis and alterations of the lenticulostriate vasculature, similar to CZS radiographic lesions reported in human infants, although we did not observe polymicrogyria (Guillemette-Artur et al., 2016) .
Histopathologic evaluation of the anatomic regions corresponding to these radiographic lesions by two independent veterinary pathologists revealed microcalcifications in the occipital cortex (OC) of infant AY21 ( Figure 2F ), hemorrhage and vasculitis in the thalamus (TH) of infant 549 ( Figure 2I ), and perivascular neuronal necrosis and edema in the thalamus of infant 488 (Figure 2L ). Uninfected age-matched infant rhesus monkey brains, obtained from the Tulane National Primate Center Tissue Archive, were similarly analyzed and exhibited minimal or no neuropathology ( Figures 2G, 2J , and 2M). Infant 549 also had gross structural brain defects, including unilateral absence of an occipital gyrus (focal lissencephaly) ( Figures 2N-2P ) and gray/brown discolorations in the occipital cortex and thalamus, consistent with subventricular malacia and hemorrhage (Figure S2) that was also seen on histopathology ( Figure 2Q ). In addition, dam 549 had detectable ZIKV RNA in amniotic fluid at day 14 (data not shown).
We next performed comprehensive histopathology of the brains and spinal cords of all the infected infants, including analysis of cortical tissue (prefrontal, frontal, parietal, temporal, occipital lobes), deep white matter and gray matter (basal ganglia, thalamus, hippocampus, brainstem), and cerebellum ( Figure 3A ; Table 1 ). A semi-quantitative scoring system (0-4) was developed based on the severity of pathologic lesions (Table 2 ). 100% (6 of 6) of the infants infected early in pregnancy (%7 weeks) showed mild, moderate, or severe neuropathology ( Figure 3A ). Neuropathologic lesions in infants infected early in pregnancy were more severe than those noted in infants infected later in pregnancy (p = 0.0053; Figure 3B ) as well as uninfected age-matched controls (p = 0.0053; Figure 3B ).
In addition to the early fetal loss (556), two additional infants infected early in pregnancy (549, 488) exhibited severe neuropathology with prominent cerebral hemorrhage, perivascular neuronal necrosis and edema, vasculitis, and gliosis throughout the thalamus ( Figures 2I, 2L , 3C, and 3D), basal ganglia ( Figures  S2 and S3) , and deep cerebellar nuclei ( Figures 3E and 3F) . Areas of cerebral necrosis were adjacent to vessels with Figure S1 .
hypertrophied endothelial cells and lightly basophilic and granular cytoplasm, indicative of vasculitis with early dystrophic mineralization. Perivascular neuronal necrosis was characterized by cytoplasmic hypereosinophilia by H&E staining (Figures 2L and 3D) and loss of nuclear basophilia by cresyl violet staining ( Figure 3C ).
Moderately severe lesions were observed in two additional infants infected early in pregnancy (A10E001, A10E011), including focal necrosis and focal hemorrhage in the basal ganglia and spinal cord ( Figure 4A ; Figures S4 and S5 ). Focal cerebral microcalcifications were found in 44% (4 of 9) of the infants (549, GBW1, AY21, AZ77) ( Figures 2F; Figures S2 and S6) . Moreover, 77% (7 of 9) of the infants showed lesions in the spinal cord (556, 549, A10E011, 488, A10E001, AZ77, AY21), which is a key pathologic feature of human CZS and is associated with arthrogryposis (Aragao et al., 2017) . Spinal cord lesions were similar to brain lesions and consisted of vasculitis, perivascular neuronal necrosis, and foci of hemorrhage associated with local myelin degeneration (Figures 4A-4C; Figure S3 ). Three infants also showed periorbital myositis and myodegeneration (A10E001, 549, GBW1; Figures 4D and 4E; Figures S2, S4, and S6) . Ocular pathology included uveitis, choroid thickening, hypercellularity of the optic nerve, and vasculitis of choroidal, scleral, and periocular vessels (Figures S2, S3, and S4) Mohr et al., 2018; Nguyen et al., 2017) . In total, 100% (6 of 6) of the infants infected early in pregnancy developed neuropathology and many also developed spinal cord, ocular, and neuromuscular pathology (Table 1) .
Neuroprogenitor Cell Dysfunction and Neuronal Apoptosis ZIKV is believed to infect neuroprogenitor cells, which may lead to premature maturation, apoptosis, and abnormalities in cell migration (Cugola et al., 2016; Miner et al., 2016; Oh et al., 2017; Qian et al., 2016; Tang et al., 2016; Waldorf et al., 2018) . We observed increased numbers of neuroprogenitor cells in ZIKVinfected infants ( Figures 5A-5E ). Two infants (549, A10E001) also showed disorganized neuroprogenitor cell migration in the frontal cortex, including large aggregates of periventricular neuroprogenitor cells that likely reflect persistence of the ganglionic eminence (Ulfig, 2002) (Figures 5D; Figure S4 ). In human infants, regression of the ganglionic eminence is almost complete at 36 weeks gestation (Del Bigio, 2011) , and studies of migration of neurons from the ganglionic eminence in monkeys suggest similarities with humans (Petanjek et al., 2009; Zecevic and Rakic, 2001 ). ZIKV-infected infant monkeys had higher overall neuroprogenitor scores than uninfected controls (p = 0.0028, Figure 5F ; Table 2 ) and 55% (5 of 9) of the infected infant monkeys showed significant irregularities in the localization and distribution of neuroprogenitor cells. ZIKV-infected infants had aggregates of neuroprogenitor cells more loosely organized along the subventricular zone and in multiple regions of the brain, as compared to uninfected control infants ( Figures 5C and 5E ). In addition, the number of apoptotic cells was substantially increased in the neuroprogenitor-rich subventricular zone of infected animals ( Figure 5G ) as compared with uninfected controls ( Figure 5H ). ZIKV-infected infants had higher overall maximum apoptosis scores than uninfected infants (p = 0.001, Figure 5I , Table 2 ).
ZIKV Detection in Fetal Tissues
We next assessed ZIKV viral loads in fetal tissues by RT-PCR Aid et al., 2017) . In the aborted fetus (556), high levels of ZIKV were detected in multiple CNS and peripheral tissues, including, brain, spinal cord, spleen, lymph nodes, and kidney ( Figure 6A ). ZIKV staining was confirmed in renal tubular epithelium by immunohistochemistry ( Figures  6E-6G ). Infant AY21, which was the earliest of the late pregnancy infection group (12 weeks), also had virus detectable in multiple brain tissues by RT-PCR ( Figure 6A ). This finding was confirmed in meninges by immunohistochemistry ( Figures 6B-6D ) and was associated with histiocytic meningitis as evidenced by the presence of CD68 + macrophages ( Figure S5 ).
ZIKV was also detected in this animal in occipital cortex and frontal cortex (FC), which correlate with the observed microcalcification ( Figure 2F ) and astrocytosis ( Figure S5 ). The other infants demonstrated sporadic virus in peripheral tissues, suggesting that virus may have been cleared in these fetal tissues by term.
DISCUSSION
By comprehensive radiographic, histopathologic, immunologic, and virologic analyses, we demonstrate that ZIKV infection during early pregnancy in female rhesus monkeys recapitulates many features of CZS in humans (Chimelli et al., 2017; Martines et al., 2016; Soares de Oliveira-Szejnfeld et al., 2016; Sousa et al., 2017; Strafela et al., 2017) (Table 1 ). 100% (6 of 6) of infants born to dams infected early in pregnancy (%7 weeks) demonstrated neuropathology. Histopathologic lesions in the CNS included microcalcifications, hemorrhage, vasculitis, and neuronal necrosis, which correlated with hyperintense foci observed by high-resolution MRI. Fetal neuropathology was characterized by vascular compromise as well as neuroprogenitor cell proliferation, disorganization, and apoptosis. The coexistence of vascular changes in ZIKV-infected infants and in placentas of the dams suggests that both vascular insufficiency and neuroprogenitor cell dysfunction play key roles in the early pathogenesis of CZS, resulting in necrosis and gliosis of highly vascularized deep gray matter tissue and abnormal migration of neuroprogenitor cells, leading to focal defects and congenital abnormalities. These insights into the pathogenesis of CZS suggest novel strategies for prevention and treatment by targeting these key pathways. Moreover, this primate model should be useful for testing vaccines and other interventions that are currently in clinical development. Mouse models of ZIKV infection during pregnancy have shown that ZIKV-induced damage to the placenta leads to placental insufficiency, intrauterine growth restriction, and fetal loss (Miner et al., 2016) . Our data confirm and extend these findings by showing that 66% (6 of 9) of ZIKV-infected pregnant dams exhibited severe placental pathology (Table 1; Figure 1 ; Figure S1 ) including fetal loss, multiple placental infarctions, neutrophilic chorioamnionitis, and histiocytic villitis. Our findings further suggest that ZIKV targets vascular endothelial cells in the placenta, leading to reactive endothelial cells, vasculitis, thrombosis, and infarction with subsequent collapse and sclerosis of villar vessels ( Figure 1B ). This process may contribute to the development of deciduitis and chorioamnionitis, possibly secondary to necrosis of infarcted tissues (Nguyen et al., 2017) .
In a cohort of ZIKV-infected pregnant women in Brazil, congenital neurologic abnormalities were identified in 55% of first-trimester infections and 29% of third-trimester infections, with microcephaly in 3% and fetal demise in 7% of these pregnancies (Brasil et al., 2016) . In the United States, congenital neurologic abnormalities were identified in 11% of first-trimester infections but in no second-or third-trimester infections (Honein et al., 2017) . Consistent with these studies, we detected high frequencies of fetal neuropathologic lesions in rhesus monkeys infected early in pregnancy. Further studies will be required to define fully the extent of neuropathology later in pregnancy. We did not detect gross microcephaly, presumably because of the rarity of this condition, but we did observe reduced fetal brain size (Figures 2A-2C ) and agyria in one animal ( Figures 2N-2Q) . No gender-related differences in gross or histopathology of the infants were noted (5 males, 3 females).
Prior preclinical studies of congenital Zika infection in immunosuppressed mice (Miner et al., 2016; Sapparapu et al., 2016) and nonhuman primates (Adams Waldorf et al., 2016; Nguyen et al., 2017; Waldorf et al., 2018) did not demonstrate consistent or severe neuropathology. Subtle injury to the ependymal epithelium with underlying gliosis was observed in monkeys infected with a Cambodian ZIKV isolate (Adams Waldorf et al., 2016; Waldorf et al., 2018) , and neutrophilic infiltration in the placenta and ocular pathology were reported in four rhesus monkeys infected with a Polynesian ZIKV isolate (Nguyen et al., 2017) . It remains to be determined whether the substantially more extensive fetal neuropathology observed in the present study reflects the comprehensive analytic approaches utilized, possible differences in ZIKV challenge strains, or differences in monkey species or cohorts. ZIKV has been shown to infect neuroprogenitor cells in vitro and in mouse models (Cugola et al., 2016; Miner et al., 2016; Oh et al., 2017; Qian et al., 2016; Tang et al., 2016) , and autopsy studies in humans have revealed a spectrum of abnormalities, including abnormal proliferation and migration of these cells (Chimelli et al., 2017) . Consistent with these findings, we observed that 83% (5 of 6) of early pregnancy infected infants demonstrated proliferation, apoptosis, aggregation, and disorganization of neuroprogenitor cells (Table 1) . These data suggest that dysregulation and dysfunction of these cells may underlie the diverse neuropathologic lesions that characterize CZS (Bhatnagar et al., 2017; Miner et al., 2016) .
We also observed vasculitis and vascular compromise as hallmarks of the neuropathology observed in the ZIKV-infected infant monkeys, with overt vasculitis in 66% (4 of 6) of fetuses infected early in pregnancy (Table 1) . Vasculitis and villitis associated with ZIKV RNA localization was observed in placental villi in one animal (556), and two fetuses (549, 488) demonstrated severe widespread CNS vasculitis that correlated with lesions in highly vascularized deep gray matter nuclei, suggesting vascular compromise. Vasculitis and vascular compromise have not been extensively studied in human CZS but have been suggested by similar lesions in vascularized deep gray matter structures (Chimelli et al., 2017; Shao et al., 2016) . In addition, a ZIKV-associated stroke associated with viral vasculitis has been described in a pediatric case report (Landais et al., 2017) , suggesting the generalizability of these observations.
In summary, we demonstrate that ZIKV infection of pregnant female rhesus monkeys early in pregnancy leads to extensive fetal neuropathologic lesions that are characteristic of CZS. Our data suggest that vascular compromise and neuroprogenitor cell dysfunction during fetal development are critical early See also Figures S2, S3 , S4, S5, and S6. Scoring systems are defined in Table 2. pathologic events and that placental insufficiency is associated with development of fetal neuropathology. These insights augment our current understanding of CZS pathogenesis and suggest novel approaches for the development of prophylactic and therapeutic strategies for this disease.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: development was monitored bi-weekly by ultrasound, and animals that survived to term were delivered by caesarian section. Five live male infants and three live female infants were delivered. All animal studies were approved by the Alphagenesis Institutional Animal Care and Use Committee (IACUC) or the Bioqual IACUC, as appropriate. All experiments conformed to regulatory standards outlined by the American Veterinary Medical Association (AVMA) and American Association of Laboratory Animal Medicine (AALAM).
METHOD DETAILS
ZIKV Challenge Stock Preparation ZIKV-BR (Brazil ZKV2015) was propagated in Vero cells (World Health Organization, NICSC-011038011038) that were maintained in EMEM media supplemented with 10%FBS, 6mM L-glutamine and 1x pen/strep. Cells were passaged twice a week and incubated at 37 C, 10% CO2.
Ultrasonography
Ultrasounds were performed bi-weekly in the ZIKV-infected pregnant rhesus monkeys as well as in 28 concurrent uninfected pregnant rhesus monkeys in the same breeding facility. Animals were sedated with Telazol (5mg/kg), and a GE Logic E with a 8CRS Micro-convex transducer (FOV 132 , 3.6-10MHz) was used for multiparameter biometric measurements, including biparietal diameter (BPD), occipitofrontal diameter (OFD), head circumference (HC), crown-rump length (CRL), abdominal circumference (AC), and femur length (FL) as shown in Figure 2 .
Amniocentesis Animals were sedated with Telazol HCL (4-7 mg/kg IM). The area on the abdomen was clipped and sterilely prepped with triple alternating applications of betadine and alcohol. Using sterile technique, a 22-gauge 3.34 inch needle on a 3 cc syringe was inserted into the ventral abdomen to the amniotic sac with ultrasound guidance. 2 cc of amniotic fluid was collected and frozen immediately.
RT-PCR
RT-PCR assays were utilized to monitor viral loads in plasma, CSF, lymph node biopsies, colorectal biopsies, colorectal weck samples, and urine longitudinally every 2-4 weeks as indicated in the experimental design (see Figure 1A ) and amniotic fluid collected by amniocentesis at day 14 post-ZIKV infection, and from tissues collected at necropsy, essentially as previously described Aid et al., 2017; Larocca et al., 2016) . RNA was extracted with a QIAcube HT (Qiagen, Germany). Liquid samples were extracted using the Qiacube 96 Cador pathogen HT, and tissue samples were lysed in Qiazol, using the Tissuelyser II (Qiagen, Germany), chloroform treated and extracted with the Qiacube 96 RNeasy HT kit. The wildtype ZIKV BeH815744 Cap gene was utilized as a standard. RNA standards were generated using the AmpliCap-MaxÔ T 7 High Yield Message Maker Kit (Cell Script) and purified with RNA clean and concentrator kit (Zymo Research, CA, USA). RNA quality and concentration was assessed by the BIDMC Molecular Core Facility. Log dilutions of the RNA standard were reverse transcribed and included with each RT-PCR assay. Viral loads were calculated as virus particles (VP) per microgram of total RNA as measured on the NanoDrop (Thermo Scientific, Waltham, MA, USA) or as VP per million cells, as shown in Figures 1 and 6 . Assay sensitivity was >100 copies/ml, >100 copies per million cells, and >3 copies/mg total RNA.
Neutralization Assay
A high-throughput, standardized ZIKV microneutralization (MN) assay was utilized for measuring ZIKV-specific neutralizing antibodies, essentially as previously described Aid et al., 2017; Larocca et al., 2016) . Briefly, serum samples were serially diluted three-fold in 96-well micro-plates, and 100 ml of ZIKV-PR containing 100 PFU were added to 100 ml of each serum dilution and incubated at 35 C for 2 h. Supernatants were then transferred to microtiter plates containing confluent Vero cell monolayers (World Health Organization, NICSC-011038011038). After incubation for 4 d, cells were fixed with absolute ethanol: methanol for 1 h at -20 C and washed three times with PBS. The pan-flavivirus monoclonal antibody 6B6-C1 conjugated to HRP (6B6-C1 was a gift from JT Roehrig, CDC) was then added to each well, incubated at 35 C for 2 h, and washed with PBS. Plates were washed, developed with 3,3',5,5'-tetramethylbenzidine (TMB) for 50 min at room temperature, stopped with 1:25 phosphoric acid, and absorbance was read at 450 nm. For a valid assay, the average absorbance at 450 nm of three non-infected control wells had to be % 0.5, and virus-only control wells had to be R 0.9. Normalized absorbance values were calculated, the MN50 titer was determined by a log mid-point linear regression model. The MN50 titer was calculated as the reciprocal of the serum dilution that neutralized R 50% of ZIKV, and seropositivity was defined as a titer R 10, with the maximum measurable titer 7,290, as shown in Figure 1 .
Tissue Collection and Histopathology
Within 14 days of estimated term gestation (26 weeks), dams and fetuses were euthanized with intravenous sodium pentobarbital, and delivery was by caesarian section. Complete necropsies were performed by a veterinarian on dams and fetuses immediately following euthanasia, utilizing standard necropsy procedures with standard sterile surgical grade necropsy instruments and dissection blades. Briefly, peripheral lymphoid tissues were collected, followed by the gastrointestinal tract and abdominal organs.
The pleural cavity was opened and the tongue, pharynx, trachea, esophagus, heart, and lungs (''pluck'') were removed en masse. Reproductive organs were collected, followed by brain, spinal cord, and eyes with minimal use of a strycker saw to prevent tissue artifacts. Ruskin-liston bone cutting forceps were used to expose the spinal cord to the level of the cauda equina. Fresh tissues were collected utilizing sterile blades for viral RT-PCR in RNAlater (Ambion). Frozen tissue for histopathology was prepared by trimming tissue, placing tissue samples into cryomolds with optimal cutting temperature medium (OCT, Tissue-Tek), and flash freezing on-site. Additional tissues were fixed in 10% neutral buffered formalin (NBF) for histopathology. Formalin-fixed tissues were trimmed, processed and embedded in paraffin, sectioned and stained with hematoxylin and eosin, and evaluated independently by two veterinary pathologists (A.J.M., R.B.) and gynecologic pathologist (J.L.H) as shown in Figures 1, 2, 3, 4 , 5, and 6 and reported in Table 1 .
Special Stains, Immunohistochemistry, and In Situ Hybridization Myelination was evaluated using Luxol-Fast Blue counterstained with Cresyl Violet. Immunohistochemistry was performed for cleaved caspase-3 (Cl-Caspase 3, Cell Signaling, clone Asp175; dilution 1:100), CD68 (Dako, clone kP1, dilution 1:410), and ZIKV envelope (BioFront Technologies, 1:200) . Briefly, tissue sections were deparaffinized in xylene and rehydrated through graded ethanol solutions to distilled water. Endogenous peroxidase activity was blocked by incubation with 3% hydrogen peroxide followed by heat induced epitope retrieval (HIER) in citrate buffer (Vector Labs) using a slide steamer (IHC World). Tissues were treated for nonspecific protein binding (Protein Block, DAKO) followed by application of primary antibodies for 30 min at room temperature (RT, Cl-Caspase 3), or 1 hr overnight at 4 C (CD68 and ZIKV Env). Biotinylated goat-anti rabbit IgG (Cl-Caspase 3) or horse anti-mouse IgG (CD68) were applied for 30 min at RT at 1:200 (Vector Labs). Antigen-antibody complexes were localized by application of streptavidin-horseradish peroxidase (HRP) conjugate (ABC Elite, Vector Labs) followed by development in chromogenic 3,3'-diaminobenzidine (DAB, DAKO) for Cl-Caspase 3 and CD68. For ZIKV envelope (Env), a biotin-free polymer-based alkaline phosphatase kit with Permanent Red was used to detect antigen-antibody complexes (Polink-1 AP, Golden Bridge International Labs) as shown in Figure 6 . In situ detection of ZIKV RNA was performed using RNAscope (ACDBio) technology as shown in Figures  1 and 6 . The ZIKV Asian probe (formerly O4) and red detection kit were used according to the manufacturer's instructions as seen in Figures 1 and 6 . Tissue scoring was developed by AJM and RB as described in Table 2 .
Magnetic Resonance Imaging
Formalin fixed hemispheric brain was rocked with 1% PBS for 24 hr at room temperature to eliminate formalin and air bubbles. The specimen was placed in a custom fit, sealed plastic bag (Food Saver) filled Galden HT-270 (Kurt Lesker CO), a dense, proton-free liquid that prevents MR signal, and decreases susceptibility artifact. The bagged specimen was vigorously rocked for 24 h to release air bubbles that contribute to MR susceptibility artifact and residual PBS from the sample. After removal of residual PBS, the specimen is sealed for MR acquisition. MR acquisitions were achieved on a 3 Tesla Siemens Skyra scanner with 64-channel head coil and a 7 mm loop coil. Three different MRI sequences were used to generate different contrasts: 1) 0.3 mm isotropic resolution T1-weighted gradient echo acquisition with 4 averages (total scan time3 hr). 2) T2-weigted fast spin echo (T2-FSE) sequence with 200 micron in-plane resolution and 800micron slice thickness, 8 averages with a total scan time 3 hr. 3) Phase sensitive inversion recovery sequence with matching resolution to T2-FSE with 8 averages and total scan time of 3 hr. Images are based on Sag T1-weighted sequences where ''k'' is a maximum intensity projection'' of the sagittal T1-weighted image for that subject as shown in Figure 2 . Images were evaluated by a pediatric radiologist (E.Y.) on a Fuji Synapse PACS (Picture Archiving and Communication System) with reformats generated using a Synapse 3D thin client workstation.
QUANTIFICATION AND STATISTICAL ANALYSIS
Analysis of virologic and immunologic data was performed using GraphPad Prism v6.03 (GraphPad Software, CA, USA). Comparisons of groups were performed using unpaired Student-test or one-way ANOVA for groups of three or more, followed by Tukey post-test for multiple comparisons. A p value cut-off of 0.05 was considered statistically significant. Fetal biometry curves were evaluated using non-linear regression and extra-sums F test.
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